INTRODUCTION
Phosphatidic acid phosphohydrolase (PAP) is a key enzyme in glycerolipid synthesis as it converts phosphatidic acid (PA) into diacylglycerol (DAG). Two different forms of pulmonary PAP exist, namely PAP-1 and lipid phosphate phosphohydrolase (LPP ; formerly called PAP-2). PAP-1 is Mg# + -dependent and Nethylmaleimide (NEM)-sensitive [1] . It has been reported to have a predominantly cytosolic location although it can translocate to the endoplasmic reticulum to become metabolically functional in phospholipid biosynthesis [2, 3] . In contrast, pulmonary LPP was shown to be Mg# + -independent, NEM-insensitive and enriched in lung plasma membranes [4] . It has been proposed that one function in the lung, and specifically in alveolar type II cells, is to act sequentially to phospholipase D (PLD) to provide DAG to sustain protein kinase C (PKC) activation thus maintaining surfactant secretion [5] .
A number of LPP isoforms have been recently cloned, including LPP1, LPP1a, LPP2 and LPP3. Hydropathy plot analysis indicates that each has six membrane-spanning regions [6, 7] . These proteins also contain an active site comprising of three domains, which is consistent with other members of a novel phosphatase superfamily including glucose-6-phosphatase [6, 7] . Furthermore, all LPPs contain an N-linked glycosylation site which appears to be on the same side of the plasma membrane Abbreviations used : CEDs, caveolin-enriched domains ; DAG, diacylglycerol ; GPI, glycosylphosphatidylinositol ; LPA, lysophosphatidic acid ; LPP, lipid phosphate phosphohydrolase ; MLE, mouse lung epithelial ; NEM, N-ethylmaleimide ; PA, phosphatidic acid ; PAP, phosphatidic acid phosphohydrolase ; PCjSM, phosphatidylcholine plus sphingomyelin ; PLD, phospholipase D ; PKC, protein kinase C ; S-1-P, sphingosine 1-phosphate ; TGN, trans-Golgi network. 1 To whom correspondence should be addressed (e-mail fpossmay!uwo.ca).
domains to detergent-soluble fractions. Elevated LPP activity and LPP1\1a protein are present in caveolae from MLE15 cells prepared using the cationic-colloidal-silica method. In contrast, total plasma membranes had a higher abundance of LPP1\1a protein with low LPP activity. Phorbol ester treatment caused a 3.8-fold increase in LPP specific activity in MLE12 CEDs. Thus the activated form of LPP1\1a may be recruited into caveolae\ rafts. Transdifferentiation of type II cells into a type I-like cell demonstrated enrichment in caveolin-1 levels and LPP activity. These results indicate that LPP is localized in caveolae and\or rafts in lung tissue, isolated type II cells and type II cell lines and is consistent with a role for LPP in both caveolae\raft signalling and caveolar dynamics.
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as the enzymes ' active site [6, 7] . The divergent regions among these isoforms include the N-and C-termini, which contain a number of potential PKC phosphorylation sites. LPPs are reported to possess broad substrate specificity, hydrolysing lyso-PA (LPA), ceramide 1-phosphate and sphingosine 1-phosphate (S-1-P) in addition to PA [6] . Moreover, LPPs were recently shown in intact cells to be capable of hydrolysing exogenous substrates including LPA, a phospholipid growth factor [8, 9] . In addition, the LPA-mediated effects on cellular proliferation, through the endothelial differentiation gene (Edg) 2 receptor, was attenuated in rat 2 fibroblasts overexpressing LPP1 [10] . Both S-1-P and LPA are biologically active lipids that have been implicated in eliciting various biological responses including cellular proliferation, differentiation, migration and inhibition of apoptosis [11] . These responses are recognized to be mediated through Edg receptors, of which there are eight subtypes, belonging to a superfamily of G-proteincoupled receptors.
Caveolae are non-clathrin-coated ' vesicular ' invaginations of the plasma membrane with a characteristic flask-like shape and a diameter in the range 50-100 nm [12] . Large numbers of caveolae have been reported in endothelial cells, adipocytes, smooth-muscle cells, fibroblasts and type I pneumocytes [12] . The caveolae are attached to the plasma membrane via a short neck, but may also appear as flat pits, which could be early invagination stages [12] . Caveolae are dynamic structures that can bud from plasma membranes, and it has been demonstrated that the cellular transport machinery is involved in caveolae internalization via vesicular budding, docking and fusion [13, 14] . Many different cellular functions are attributed to caveolae. In capillary endothelial cells, they have a function in clathrinindependent transport of macromolecules across the cell by transcytosis [12] . They have also been implicated in signal transduction and contain a number of receptors including those for epidermal growth factor and platelet-derived growth factor and lipid signalling enzymes such as phosphatidylinositol-specific phospholipase C, PLD and PKC [15] . Caveolin, the principal structural component of caveolae, can interact directly with these signalling molecules, through a short stretch in its membrane proximal region called the caveolin scaffolding domain, to negatively regulate their activity [15] . Furthermore, caveolae have also been proposed to play a role in potocytosis (receptormediated uptake of small molecules and ions) [16] and in mediating cholesterol efflux, where caveolin-1 expression is upregulated by the sterol regulatory element-binding protein [17] .
As recent work has demonstrated PLD [18] [19] [20] [21] and Edg1 [22] are localized to caveolin-enriched domains (CED), we sought to establish whether LPP activity was also localized to these domains. The present study examined the localization of LPP in lipid-rich signalling platforms from rat lung, isolated rat type II cells and mouse lung epithelial cell lines (MLE12 and MLE15 cells). Since PKC is known to affect a variety of signalling pathways including activation and phosphorylation of PLD, the effect of PMA on LPP activity was examined specifically in caveolin-enriched domains isolated from mouse lung cell lines. Furthermore, as caveolin-1 was demonstrated to be absent from isolated type II cells, and it is well established that type I cells have large numbers of caveolae [23, 24] , transdifferentiation studies on isolated rat type II cells were performed to examine the relationship between caveolin-1 expression and LPP activity. [25] and RPMI 1640 containing 5 % (v\v) FBS respectively. These cells are transformed with the large T antigen and contain some surfactant proteins but lack distinct lamellar bodies. They were maintained in 75 cm# flasks and subcultured at 4-5 day intervals. For the experiments described herein, MLE12 cells were used between passages 23-27 and the MLE15 cells were used between passages 16-20. Rat type II cells were isolated by the method of Dobbs [26] . For the transdifferentiation studies, the isolated cells were maintained on tissue-culture plastic for up to 7 days on 60-mm diameter dishes.
MATERIALS AND METHODS

Materials
Isolation of CEDs from rat lung and type II cells by the detergent method
CEDs were isolated from rat lung as described by Lisanti et al. [27] . A portion (1 g) of minced lung [4] was homogenized in 6 ml of MBS (25 mM Mes-buffered saline, pH 6.8 and 0.15 mM NaCl) containing 1 % (v\v) Triton X-100 and 1 mM pefabloc with ten strokes of a Potter-Elvehjem homogenizer (Heidolph, Fisher Scientific, Nepean, ON, Canada) followed by three bursts of 10 s with a Polytron homogenizer (Brinkmann, VWR Canlab, Mississuaga, ON, Canada). The homogenate was adjusted to 40 % (w\v) sucrose with an equal volume of 80 % (w\v) sucrose in MBS and was layered with a 5-30 % (w\v) sucrose density gradient (in MBS without Triton X-100). After centrifugation at 100 000 g for 20 h at 4 mC, fractions were harvested and stored at k60 mC.
MLE12 and MLE15 cells, grown to confluence in 75 cm# flasks, were processed for CEDs as described by Czarny et al. [20] . Cells were washed twice in PBS and scraped into 2 ml of MBS containing 1 % (v\v) Triton X-100 and 1 mM pefabloc. The cell suspension was homogenized using ten strokes of a Potter-Elvehjem homogenizer followed by sonication (three 10 s bursts). The homogenate was then adjusted to 45 % (w\v) sucrose with an equal volume of 80 % (w\v) sucrose in MBS buffer and was layered with a 5-35 % (w\v) discontinuous sucrose gradient. After centrifugation at 260 000 g with a Beckman SW41K rotor (Beckman Instruments, Mississuaga, ON, Canada) for 16 h at 4 mC, fractions were harvested and stored at k60 mC.
Isolation of caveolae from other lipid-rich microdomains in MLE15 cells
This isolation was performed as described by Stolz et al. [28] and Schnitzer et al. [29, 30] . Briefly, MLE15 cells (15 T-75 flasks) were trypsinized and allowed to re-express plasma-membrane proteins during a 1 h incubation at 37 mC. Cells, suspended in 20 mM Mes, 150 mM NaCl and 280 mM sorbitol, pH 5.3, were added to 1 % (w\v) cationic colloidal silica. After washing by sedimentation, the silica-coated cells were treated with 0.1 % (w\v) polyacrylic acid and then lysed by Dounce homogenization in lysis buffer (2.5 mM imidazole, pH 7.0). The total silica-coated membranes and nuclei (TM) were collected by pelleting at 900 g for 5 min. The pellet was further fractionated on a 70 % metrizamide cushion, which eliminates the nuclei and remaining internal membranes. The resulting silica-coated plasma membranes (P) in the pellet from the metrizamide gradient centrifu- gation were treated with cold 10 % (v\v) Triton X-100 (final 1 %), homogenized and fractionated on a 5-30 % (w\v) sucrose gradient containing 20 mM KCl. The caveolae vesicles (V) were collected from the 30 % interface. The silica-coated membrane pellet (P-V) was treated with 0.2 % (w\v) polyacrylate (pH 9.5), sonicated, treated with Triton X-100 and subjected to discontinuous sucrose gradient centrifugation to harvest the remaining detergent-insoluble membranes (LR).
SDS/PAGE and Western blot analysis
Equal volumes of fractions were analysed with 8 % (w\v) SDS\PAGE gels and transferred on to Immobilon P membranes (Millipore, Fisher Scientific, Nepean, ON, Canada). Blots were blocked in 5 % (w\v) non-fat dried milk in Tris-buffered saline (TBS, pH 7.4) with 0.2 % (v\v) Tween-20 (TBST) for 1 h at room temperature. Primary antibody incubations were performed in blocking buffer at dilutions of 1 : 1000 (1 : 5000 for LPP3) for up to 2 h at room temperature. The blots were then washed three times in TBST for 10 min at room temperature. Secondary antibody incubations were performed in TBST containing 5 % (w\v) non-fat dried milk at 1 : 10 000 for 1 h at room temperature followed by another 30 min wash in TBST. Protein bands were revealed by enhanced chemiluminescence (Amersham) and exposed to X-ray film.
Co-immunoprecipitation of LPP activity with caveolin-1
MLE15 cell caveolin-enriched domains (60 µl) were diluted in OG buffer (50 mM Tris\HCl, pH 7.4, 60 mM n-octyl β-glucopyranoside, 125 mM NaCl, 2 mM dithiothreitol and 0.1 mM EGTA). These domains were then incubated with 1 µg of anticaveolin antibody for 1 h at 4 mC followed by another 1 h incubation at 4 mC with 50 µl of Protein A-Sepharose. The beads were then washed extensively with OG buffer. The pellet and supernatant were then assayed for LPP activity. Proteins were eluted from the beads, resolved by SDS\PAGE and subjected to Western-blot analysis.
Other assays LPP activity was assayed using either pure PA or LPA as substrate as described previously [4] . Protein was determined by the method of Lowry et al. in the presence of 1 % (w\v) SDS [31] using BSA as the standard. Quantification of choline-containing lipids was determined using a Phospholipids kit obtained from Boehringer Mannheim (Roche Molecular Biochemicals), which employs choline oxidase to measure choline released from phosphatidylcholine (PC) and sphingomyelin (SM) by PLD. Total cholesterol content was determined using a kit obtained from Boehringer Mannheim which measures the release of H # O # from cholesterol oxidase. These assays were conducted according to the manufacturer's protocols except for the following modification. Assays containing 100 µl enzyme solution and 100 µl sample or standard were incubated at 37 mC for 15 min and read on an ELISA reader using a 420 nm filter. Samples were compared with standards containing 0-10 µg total PC using bovine lipid extract surfactant (BLES Biochemicals, London, ON, Canada), choline equivalent to 0-10 µg PC, or for the cholesterol assay, 0-5 µg cholesterol.
RESULTS
Rat lung CEDs are enriched in LPP activity
In order to establish whether LPP activity exists in pulmonary CEDs, lipid-rich microdomains were isolated from whole rat lung tissue on the basis of their detergent-insolubility in Triton X-100. Protein distribution was highest in the heavier detergent-soluble fractions with less than 5 % in the lighter detergent-insoluble fraction ( Figure 1A ). LPP activity was highly enriched in the fraction 5, where 31.2p0.7 % of the total recovered activity resides. An anti-(human LPP3) antibody revealed that LPP3 predominantly localized in the lung CED fraction. There was also 41 % of the total LPP activity in the detergent-soluble fractions (fractions [10] [11] [12] [13] [14] , possibly indicating other subcellular localizations (e.g., Golgi, endoplasmic reticulum or plasma membranes). This activity most likely represents other LPP isoforms as LPP3 was undetectable in these detergentsoluble fractions.
We have shown that LPP is highly enriched in plasma membranes [4] , and this could correspond, in part, to LPP in areas of the plasma membrane excluding caveolae\rafts. The detergent-insoluble domains are rich in PCjSM (32.1p1.6 % of total) and cholesterol (42.9p0.8 % of total) (Figures 1B and  1D) . By Western blotting, caveolin-1 localized predominantly to the detergent-insoluble fractions 5-8, where a high proportion of LPP is found ( Figure 1C) . Various PKC isoforms, including PKCα, PKCµ and PKCβII, localized predominantly to the detergent-soluble fraction, but a small percentage of PKCβII and PKCµ localized to the CEDs. A yield of 2.3p0.4 mg (n l 3) of CED protein was obtained from 1 g of tissue, which represents 0.23p0.04 % of the starting material. These light microdomains also retain the plasma-membrane markers, alkaline phosphatase and 5h-nucleotidase (results not shown). These studies indicate that CEDs can be isolated from rat lung tissue where a high proportion of LPP and a small proportion of PKCβII and PKCµ reside.
Rafts from isolated type II cells contain LPP activity
It has been recently shown by transmission electron microscopy that caveolin-1 is localized to the membranes of plasmalemmal invaginations in the alveolar type I cell [23, 24] . In contrast, the plasma membrane of alveolar type II cells appears to lack such structures [23, 24] . Other cells lacking caveolae\caveolin are fully functional in responding to growth factors and, indeed, have microdomains, namely rafts, that are resistant to Triton X-100 solubilization [32] . Thus caveolae are not the only type of plasmalemmal subcompartment organized to transduce signalling cascades. In order to determine whether the LPP present in type II cells was localized in signalling domains, rafts from type II cells maintained in culture overnight were isolated on the basis of their detergent-insolubility in Triton X-100 and examined for LPP activity. As shown in Figure 2 , LPP activity (8.1p0.8 % of total for PA ; 15.6p3.6 % of total for LPA ; Figure 2A ), PCjSM (19.0p1.6 % of total ; Figure 2B ) and cholesterol (9.7p1.4 % of total ; Figure 2D ) were enriched in the detergent-insoluble domains (fraction 4). However, nearly 80 % of the total LPP activity partitioned to the detergent-soluble fractions. The transferrin receptor, a clathrin-coated pit marker, as well as PKCα, localized predominantly to the detergent-soluble fractions ( Figure 2C ). Caveolin-1 could not be detected by Western blotting in any gradient fraction. These results indicate that LPP is present in rafts in isolated type II cells.
Transdifferentiation of isolated rat alveolar type II cells
It is well recognized that when isolated type II cells are cultured on tissue-culture plastic, they lose their characteristic cuboidal morphology, lamellar bodies, surfactant proteins and acquire a type I-like phenotype. Interestingly, it was recently reported that caveolin-1 expression and caveolae biogenesis increase as the type II cells transdifferentiate to a type I-like cell in lung [24] . Thus to determine whether any correlation exists between LPP and caveolin-1, primary type II cells were maintained on tissueculture plastic for up to 7 days allowing the cells to trans-or dedifferentiate into type I-like cells. On day 1, caveolin-1 levels were almost undetectable by Western blotting. The specific activity of LPP increased 4-fold ( Figure 3) . Moreover, the protein levels of caveolin-1, PLD2 and PKC isoforms increased dramatically. In contrast, alkaline phosphatase, enriched in type II cells, was found to decrease upon cellular trans-\de-differentiation. Therefore it is evident that during trans-\de-differentiation of type II cells, LPP activity and protein levels of caveolin-1, as well as certain lipid signalling enzymes, increase.
Modulation of LPP activity within CEDs isolated from MLE12 and MLE15 cell lines
Lipid rich microdomains were isolated from MLE12 and MLE15 cell lines. These cells are transformed with the large T antigen and contain some surfactant proteins, but are lacking in wellformed lamellar bodies [25] . Surprisingly, these cells contain caveolin-1, indicating that they may be trans-or de-differentiated to some extent, although retaining their cuboidal morphology. MLE12 cell lipid-rich domains were enriched in LPP activity (4.8 % of total ; Figure 4A ) as well as PCjSM (21.5 % of total). The transferrin receptor was completely detergent-soluble (Figure 4B) . Interestingly, LPP3 was also detergent-soluble, a result different from that obtained in HEK293 and NIH 3T3 cells [23] and rat lung tissue. The LPP1\1a isoform was detected in detergent-soluble and -insoluble fractions. MLE15 cell lipid-rich domains ( Figure 4C ) were 10-fold more enriched in LPP activity (47.4 % of total, fractions 5-6 combined) compared with MLE12 cells. They were also more enriched in cholesterol (33.8 % of total) and PCjSM (29.9 % of total) (results not shown). However, neither the LPP1\1a nor LPP3 isoforms were detectable in CEDs in this cell line by Western blotting, although both could be detected in detergent-soluble fractions.
The effect of phorbol ester (PMA) treatment, which is known to influence cell signalling, on LPP activity was examined specifically in CEDs isolated from mouse lung cell lines. PMA treatment for 5 min promoted PKCα translocation from the detergent-soluble to detergent-insoluble domains, which co-localized with caveolin-1 ( Figures 4B and 4D) . Interestingly, although the specific activity for LPP in homogenates of PMAtreated MLE12 cells was unaltered, the total percentage of LPP activity in CEDs increased from 4.8 to 14.5 %. This suggests a potential increase in LPP protein from other subcellular locations, as the total LPP activity in the control detergentsoluble fractions decreased from 86 % to 61.9 % with PMA treatment. The specific activity of LPP was found to increase 3.8-fold in the CED fraction in the PMA-stimulated MLE12 cells. These results suggest a redistribution of LPP from the plasma membrane to the CEDs, although the results could possibly be explained by selective activation of LPP activity in these domains with a corresponding inactivation in the bulk plasma membrane. The ability of PMA to increase the LPP enzymic activity in the CED fraction emphasizes the dynamic properties of caveolae and rafts in the plasma membrane.
The effect of saponin was also investigated, as it is known to sequester cholesterol, thereby destabilizing the lipid-rich microdomain structure and rendering them sensitive to solubilization by non-ionic detergents. The addition of saponin to MLE15 cells resulted in a redistribution of caveolin-1 and LPP activity from fractions 5-6 (from 47.3 to 11.7 % of total) to the fractions 9-10 (from 15.4 to 51.1 % of total) ( Figures 5A and 5C ). Furthermore, there was a corresponding redistribution in cholesterol and PCjSM ( Figures 5B and 5D respectively) from fractions 5-6 (from 33.8 to 13.3 % and from 30 to 20.5 % respectively) to fractions 9-10 (from 20 to 45 % and from 26.3 to 42 % respectively). Thus saponin treatment resulted in a redistribution of LPP activity indicating that, when cholesterol was removed from the CEDs, LPP association with the light microdomains was disrupted. 
Separation of caveolae from other lipid-rich microdomains in MLE15 cells
Schnitzer and colleagues [33, 34] have developed a protocol utilizing colloidal silica particles to separate caveolae from other Triton-insoluble microdomains, including those on the cell surface rich in glycosylphosphatidylinositol (GPI)-anchored proteins, cytoskeletal elements and intracellular trans-Golgi network (TGN) exocytic vesicles rich in glycolipids and caveolin. This procedure prevents co-isolation of non-caveolar domains that are similar to caveolae in detergent resistance and buoyant densities. Coating plasma membranes with the silica particles allows isolation to high purity, thereby avoiding contamination from other sources (e.g. TGN and vesicles), and stably attaching to the plasmalemma thus preventing excision of the flat noninvaginated domains that are not caveolar.
In order to determine whether LPP activity exists in caveolae and\or rafts, MLE15 cells were coated sequentially with cationic colloidal silica and polyacrylate, allowing the plasma membrane to be purified from contaminating membranes. Caveolae from the silica-coated plasma membrane (P) were sheared away in 1 % Triton X-100. The purified caveolae (V) were enriched in LPP activity as well as caveolin-1 ( Figures 6A and 6C) . The 5h-nucleotidase activity was essentially undetectable in the membrane (TM) fraction as well as in the isolated P and V fractions ( Figure 6B) . However, the 5h-nucleotidase may not be able to access its substrate, owing to the presence of the silica in the P fraction. The raft, or other lipid-rich microdomains (LR), were isolated by disruption of the cationic silica from the plasma membrane (P-V) followed by extensive sonication. The P-V fraction was low in LPP activity, but enriched in 5h-nucleotidase activity. The detergent-insoluble domains (LR) obtained after
Figure 6 Separation of caveolae from lipid rafts in MLE15 cells
As described in the Methods and materials section, caveolae were purified from other lipid-rich microdomains using cationic colloidal silica particles. (A) The specific activity of LPP is shown as nmol of P i released/min per mg in various membrane fractions : total membranes (TM), plasma membrane (P), caveolae (V), plasma membrane minus sheared caveolae (P-V) and other lipidrich microdomains (LR). gradient centrifugation from P-V contained low LPP activity and 5h-nucleotidase activity ( Figure 6B ). Some caveolin-1 was present in the LR fraction, although this could be due to contamination. In MLE15 cells, the majority of the active LPP appears to be associated with invaginated caveolae.
The LPP isoform present within the purified caveolae was investigated using LPP1\1a and LPP3 mouse-reactive antibodies. As shown in Figure 6 (D), LPP1\1a was detected in purified caveolae although the protein level was more abundant in the total plasma membranes. The LPP3 isoform was undetectable in any of the MLE15 cell fractions ( Figure 6E ). Thus LPP specific activity is much higher in caveolae compared with the plasma membrane and lipid rafts, indicating that activated LPP1\1a is enriched in these domains.
Co-immunoprecipitation of LPP activity with caveolin-1
Caveolin-1 interacts with a variety of signalling proteins including PLD and PKC via a scaffolding binding domain with a hydrophobic amino acid sequence. The caveolin-1 binding domain consensus sequences include φXφXXXφ, φXXXXφXXφ, or φXXXXφXφ where φ l F, Y, W and X is any amino acid [35] . Examination of the amino acid sequences of LPPs indicate that they may also possess such a domain in the first intracellular loop : LPP1 and LPP1a contain YFNVLHSNS-FVSNHYIATIYKAVGAFLF, LPP3 contains FYRIYYLKEK-SRSTIQNPYVALYKQVGCFLF, and hLPP2 contains YTDR-LYSRSDFNNYVAAVYKVLGTFLF. The LPP2 sequence has the closest homology with the caveolin-1 consensus binding sequence. However, using MLE15 CED fractions, LPP activity failed to co-immunoprecipitate with caveolin-1. The caveolin-1 was detected in the pellet fraction from MLE15 caveolin-enriched fractions as determined by Western blotting (results not shown). However, the apparent failure of caveolin-1 to immunoprecipitate LPP activity does not necessarily indicate a lack of association.
DISCUSSION LPP activity in lung and type II cell CEDs
As CEDs have recently been shown to be highly enriched in PLD [18] [19] [20] [21] and Edg [22] , we sought to establish whether pulmonary LPP was present in these domains. LPP activity (31.2p0.7 % of total) was found to be highly enriched in CEDs from rat lung tissue isolated on the basis of their detergent-insolubility in Triton X-100. Lung is composed of a high proportion of endothelial cells (42 % of cell population) as well as muscle cells, fibroblasts, macrophages, type I, type II and other cells [24] . LPP activity (8.1p0.8 % of total) was present in rafts isolated from rat type II cells, which lack caveolae. These cells represent approx. 10 % of the cell population and cover less than 5 % of the alveolar epithelial surface. In contrast, type I cells cover greater than 95 % of the alveolar surface area, have twice the volume and four times the surface area of endothelial cells [24] . Fibroblasts possess both caveolin and caveolae, particularly at points of cell-cell contact [36] . However, lung fibroblasts are low in LPP activity [4] . Therefore LPP activity in lung CEDs could arise primarily from type I and endothelial cells, which have been reported to possess large numbers of caveolae [24] .
LPP activity in caveolae and lipid rafts
Both caveolae and rafts are thought to exist in a liquid-ordered (l o ) phase where the tight acyl-chain packing and strong lipidlipid interactions contribute to their detergent-insolubility [37] . LPP activity is present within both caveolae and rafts from MLE15 and lipid rafts from isolated type II cells. A plasma membrane GPI-anchored protein, 5h-nucleotidase, was absent in the caveolae (V) fraction, but was enriched in the fraction containing plasma membrane minus caveolae (P-V). Its proportion was lower in rafts (LR) compared with LPP enzymic activity. We propose that, in type II cells, an LPP isoform(s) could participate in signalling from lipid rafts. LPP could act sequentially to PLD in the P #u receptor signalling cascade in rafts for surfactant phospholipid secretion where it would generate DAG from PC-derived PA, thereby sustaining PKC activation and surfactant secretion [5] .
Recovery from lung injury involves type II cell proliferation and migration to restore the damaged type I cell population. Subsequently, type II cells undergo a transdifferentiation process in order to re-establish alveolar epithelial integrity. These latter processes may require elevated DAG levels, generated by LPP for PKC activation, leading to expression of specific genes involved in this process. Thus the concerted actions of PLD, LPP and PKC could be necessary for these signalling events to occur in caveolae. These plasmalemmal invaginations would most likely have different functions to rafts and these structures appear when type II cells undergo transdifferentiation in i o. We observed that isolated type II cells express caveolin-1 and increase LPP activity in culture, but whether these increases relate to transdifferentiation to type I cells or dedifferentiation is still unknown.
The identity of LPP in lung epithelial cells
The cloning of LPPs from rat lung and isolated rat type II cells (M. Nanjundan and F. Possmayer, unpublished work) indicates the presence of LPP1, LPP1a and LPP3. The LPP2 isoform was detected in brain, but was absent in lung. The LPP1 and LPP1a isoforms, most probably alternative splice variants, diverge at the end of the first transmembrane domain, first extracellular loop and the beginning of the second transmembrane domain. The availability of mouse-reactive C-terminal LPP1\1a and Nterminal LPP3 antibodies allowed the investigation of LPP localization to CEDs and purified caveolae by Western blotting. The LPP1\1a protein was present in MLE15 purified caveolae, while the LPP3 isoform was undetectable in this cell line and localized to the detergent-soluble fractions in MLE12 cells. The relatively low expression level of the LPP1\1a protein in purified caveolae compared with total plasma membranes indicates that LPP1\1a may be present in an activated state within caveolae.
LPP3 protein was predominantly localized in CEDs isolated from rat lung tissue and could arise primarily from type I and endothelial cells, which are reported to have abundant caveolae. The recent localization of the Edg1 receptor to CEDs [22] , the observation that S-1-P promotes endothelial cell migration and angiogenic differentiation [38] and LPP3 can hydrolyse this phospholipid growth factor [39] , implicate LPP in the control of endothelial cell vasculogenesis and angiogenesis. The localization of LPP3 protein predominantly in CEDs from an endothelialrich source adds further support to this hypothesis. Sciorra and Morris [40] have reported the localization of endogenous and overexpressed LPP3 to CEDs isolated from Swiss 3T3 and HEK-293 cells respectively. We have shown that LPP1\1a and LPP3 have a cell-type specific localization possibly depending on the function of the cell. Different isoforms of PLD have been reported in different cell lines. Czarny et al. [20, 21] demonstrated that PLD2 is preferentially targeted to CEDs in CHO, HaCaT human keratinocytes and U937 cells. In contrast, Kim et al. [18, 19] have localized PLD1 to CEDs in 3Y1 rat fibroblasts and COS-7 cells. Recently, Sciorra and Morris [40] have provided evidence that LPP3, but not LPP1, can generate DAG from PA derived via PLD in Swiss 3T3 cells. These authors also demonstrated that LPP3-overexpressing cells accumulated significantly more DAG when stimulated with phorbol ester [41] . Hence the particular LPP and PLD isoforms directed to CEDs can both depend on cell type. It should be noted that the presence and activation of LPP activity in caveolae\rafts could be explained by the presence of other unidentified forms of LPP. However, examination of the mouse database of expressed sequence tags, using consensus sequences based on the active sites for LPPs, did not lead to identification of other candidate LPPs.
Modulation of LPP activity
Kim et al. [18] have described a mechanism for the regulation of the PKCα-dependent PLD activity through molecular interactions between PLD1, PKCα and caveolin-1 in caveolae. These workers demonstrated that both the phosphorylation and activation of PLD1 by PKCα occurs in caveolae from 3Y1 cells [19] . Our studies support a similar mechanism for LPP. LPP activity in CEDs from PMA-treated MLE12 cells undergo a 3.8-fold redistribution of total LPP activity to these domains. Furthermore, Western blotting showed that LPP1\1a protein expression was higher in total plasma membranes compared with caveolae, although the purified vesicular fraction was more highly enriched in LPP activity. These results indicate that PMA activation of PKC is associated with LPP1\1a recruitment into these domains. Whether LPP is indeed phosphorylated will require further experimentation. It is known that LPPs have potential PKC phosphorylation sites in the N-and C-terminal regions and can be phosphorylated [41] . We propose that LPP regulation could involve activation through phosphorylation followed by movement into caveolae\rafts. The identification of factors that regulate LPP following cell activation is required to further define the role of LPP.
Summary
The results presented in this study show that endogenous LPP activity is enriched in CEDs, isolated on the basis of their detergent-insolubility in Triton X-100, from rat lung and MLE12 and MLE15 cells. LPP3 protein is predominantly localized in rat lung CED. Furthermore, caveolae from MLE15 cells, purified by the cationic colloidal silica method, indicated enrichment in LPP activity. Moreover, these cells, when trans-\de-differentiated, become a type-I-like cell and we report an increase in LPP activity, as well as corresponding increases in caveolin-1, PKC and PLD protein levels. The increase in LPP activity in trans\ de-differentiated type II cells suggests another potential function in addition to regulation of surfactant secretion and controlling cellular proliferation. Furthermore, we demonstrate that in MLE12 cells, the total percentage of LPP activity increases within CEDs with PMA treatment, and the LPP1\1a protein may be regulated directly or indirectly by phosphorylation followed by its recruitment into caveolae\rafts.
